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This paper reviews the current literature relating neuropsychological measures of the functional integrity of the 
hippocampus with structural indices obtained from magnetic resonance imaging (MRI) volumetric scans and the 
histological nalysis of postoperative specimens.The first part of the discussion presents an overview of the current 
methods and applications ofvolumetric MRI of the hippocampus. The processes and contempory standards applied 
to the histological nalysis of resected hippocampal tissue are also described. Both of these measures of structural 
integrity have been studied in relation to preoperative performance on neuropsychological tests, including the 
intracarotid sodium amytal test, and postoperative memory functioning. The findings from these studies are 
reviewed. The challenges presented by these new technologies tothe field of neuropsychology are discussed. 
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INTRODUCTION 
Over the last 40 years, more than 100 studies of 
patients with medically intractable pilepsy who 
have undergone temporal lobe surgery have 
provided evidence for the role of the temporal 
lobes in human memory. Probably the most 
dramatic evidence comes from the finding first 
reported by Scoville and Milner (1957) ~ that 
bilateral temporal lobe damage causes aprofound 
amnesia. Subsequent s udies have demonstrated 
material specific declines in memory function 
following anterior temporal lobectomy that vary 
with the side of surgery. Patients who undergo 
left temporal lobectomies have been shown to be 
impaired on tasks that involve the recall of verbal 
material 2-7. Patients who undergo right temporal 
lobectomies tend to be more impaired on 
memory tasks involving spatial material ~-9, al- 
though this finding is less consistent "~-~L. A 
number of studies have also reported these 
laterality dependent deficits in preoperative pati- 
ents with unilateral temporal lesions ~2-~4 although 
This review was given a highly commended award by the 
Council of the International League Against Epilepsy (British 
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others have failed to replicate these findings ~5-t6. 
In an attempt to resolve these ambiguous 
findings, researchers have focused the spotlight 
on the function of specific structures within the 
temporal lobes. Until recently this has been 
accomplished by comparing the postoperative 
memory performance of patients who have had 
extensive (>1.5 cm) hippocampal removals with 
those who have had more limited resections. 
These studies have been extensively reviewed by 
Jones-Gotman (1987) ". Collectively the results 
suggest that certain memory impairments seem to 
originate specifically from hippocampal damage, 
and not from temporal lobe damage in general. 
However, recent authors have questioned the 
empirical basis of this hippocampal model of 
memory on a number of counts 17-2c~. First, 
presurgical evaluations were not always per- 
formed and it is possible that the memory deficits 
observed postoperatively predated the operation. 
Indeed Sass et al (1992) ~ suggest that the 
presence of preoperative memory deficits might 
even feed in to the clinical decision making 
process in determining the extent of resection. 
Limited hippocampal resections may have been 
performed to spare memory function in patients 
with little presurgical impairment. Second, 
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anterior temporal obectomy involves the exci- 
sion of a number of structures including the 
neocortex, uncus and amydala. Cognitive deficits 
caused by damage to these structures contamin- 
ate the investigation of hippocampal resection 
effects. Third, we can make few assumptions 
about the functioning of an incomplete hip- 
pocampus in patients who have had a limited 
resection. Finally, as Loring et al  (1993) 2~ point 
out, although in many of these studies the 
patients will have undergone a sodium amytal 
test, no comparative information is available on 
the structural integrity of the non-resected 
hippocampus. Bilateral abnormalities in these 
patients may confound the results. 
The development of more specific and sophisti- 
cated measures of hippocampal structure, and 
their application in new experimental paradigms 
has enabled research teams to directly study the 
relationships between functional and structural 
measures of the hippocampus, overcoming some 
of the methodological flaws of earlier studies. 
Hippocampal volume measurements from mag- 
netic resonance images (MRI) provide an in vivo, 
quantitative, and in terms of morphology, qual- 
itative assessment of bilateral brain structures. 
Postsurgical histological analysis of surgical tissue 
provides a quantitative measure of neuronal oss 
within specific subfields of the resected 
hippocampus. 
The first part of this discussion presents an 
overview of the current methods and applications 
of volumetric magnetic resonance imaging of the 
hippocampus. The processes and contemporary 
standards applied to the histological analysis of 
resected hippocampal tissue are then described. 
Both of these measures have been studied in 
relation to performance on preoperative neurop- 
syehological tests including the intracarotid 
sodium amytal test, and postoperative memory 
function. The third part of the paper reviews the 
findings from these studies. 
VOLUMETRIC MAGNETIC RESONANCE 
IMAGING 
"... the anterior temporal lobe has a unique anato- 
mic configuration, that of a truncated cone with its 
long axis parallel to the floor of the middle cranial 
fossa and with nearly its entire circumference d fined 
by subarachnoid space. Contiguous coronal MR 
images fully display the natural boundaries of the 
anterior temporal lobe, providing an excellent 
opportunity to isolate and accurately measure the 
volume of a discrete anatomic part of the brain in 
vivo. The images obtained from the MR data are 
detailed enough to perform precise anatomical 
measurements." 
Jack et al (1989) 2"~. 
Magnetic resonance imaging (MRI) has now 
become the structural neuroimaging of choice in 
patients with intractable complex partial 
seizures 23. MR images have been shown to be 
highly sensitive and specific in identifying the 
foreign tissue and mass lesions often associated 
with medically refractory partial epilepsy 24-26. 
When these mass lesions and hetrotopias are 
excluded, nearly all patients with medically 
intractable temporal lobe seizures have mesial 
temporal sclerosis. In their review of the litera- 
ture, Kim et al (1990) ~7 found that hippocampal 
sclerosis was reported or suspected in 47-85% of 
cases of chronic temporal lobe epilepsy. Wyler et 
al (1992) 2~ studied a series of 44 patients who had 
undergone a temporal obectomy for intractable 
epilepsy following a preoperative MRI that did 
not show any foreign tissue lesions. Hippocampal 
sclerosis was identified in the surgical specimen in 
75% of the sample. 
Severe hippocampal sclerosis can sometimes be 
visually identified on MR images. However it has 
been the development of MRI based volumetric 
measurements of the hippocampal formation that 
have proven to be particularly useful in the 
evaluation of patients with temporal lobe seizures 
caused by unilateral hippocampal sclerosis 2~-~4. 
A number of different techniques of volume 
measurement are used in the literature. Jack et 
al ~ produced normative values for right and left 
hippocampal nd anterior temporal lobe volumes 
relative to total intracranial volume using data 
from 52 normal subjects in three age groups. They 
found no significant effect of age or sex on either 
the right or left anterior temporal obe volume. 
There was a small, but statistically significant, 
difference between the right and left anterior 
temporal obe volumes in right handed subjects 
with the right side being larger although in most 
cases this was not apparent on visual inspection. 
However, in some cases prominent right vs. left 
anterior temporal obe volume differences were 
present with up to a 20% difference in size 
recorded. These differences were not detected in 
left handed subjects. No significant effect of age, 
sex or handedness were seen on hippocampai 
volumes. However, the right hippocampus was 
bigger than the left for all subjects. The normative 
data is expressed in graph form, as structural 
volume regressed on intracranial volume. The 
anterior temporal lobe or hippocampal formation 
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volumes for any individual can be compared with 
mean values and 95% confidence l vels of his/her 
reference population. In their commentary on 
their results, the authors argue that compensation 
for the larger left frontal operculum in individuals 
with left side dominance for language might occur 
in the form of a smaller left anterior lobe 
temporal lobe. However, they are uncertain as to 
the significance of a larger right hippocampus. 
Other studies have failed to find this right 
greater than left difference in hippocampal 
volume 34"35. The latter study did however find 
that the volume of the left temporal obe was 
smaller than the right. They also found a gender 
effect. The women in their sample had bilaterally 
smaller temporal lobes; on average 12.4% smaller 
than their male counterparts. Cook et al (1992) 34 
did not use intracranial volume measures but 
expressed hippocampal volume measurements as 
a ratio of smallest o largest. In their population 
of 10 normal controls they found that the ratio 
was always larger than 0.96 with no lateral bias in 
the differential. In addition to quantitative data 
the authors also used the measurements o
provide a morphological nalysis of volume loss. 
Volume loss distribution was anterior in 60%, 
diffuse in 35% and limited to the posterior part of 
the hippocampus in 5% of the cases. This study 
highlights the need to use thin slices to calculate 
hippocampal volumes. Because volume loss is not 
usually uniform throughout he length of the 
hippocampus, thick slices may miss morphologi- 
cal changes and lead to a miscalculation of 
volume. 
A third way of expressing hippocampal volume 
data was reported by Cascino et a/ (1991)  36. The 
authors expressed their measurements a the 
volume of the right hippocampal formation minus 
that of the left. Cut-off points were established at
sd = 2 above and below the norm (-0.2 cm 3 and 
+0.6 cm 3) based on the volume measurements of 
52 normal subjects. Volumetric measurements 
falling outside the cut off values were considered 
to be indicative of right and left hippocampal 
sclerosis, respectively. 
It is important that all these measures should 
be reliable and reproducible when they are used 
in both clinical and research capacities. Although 
they all rely heavily on computer software to 
count pixels or voxels, a skilled operator is 
needed to disarticulate he hippocampal structure 
manually from the surrounding tissue. This is 
usually done freehand via the use of a mouse, or 
trackerball. Jack et al (1990) 32 reported both 
intra- and inter-observer discrepancies of less 
than 2% in volume measurements for both the 
hippocampal formation and the anterior temporal 
lobe. They concluded that their technique of 
combining computer driven thresholding and 
manual tracing produced measures that were 
highly precise and reproducible. Cook et al 
(1992) 34 found higher levels of discrepancy in 
absolute volume measurements of the hippocam- 
pus. Intra-observer observations varied between 
2-5% for absolute measurements and inter- 
observer discrepancies of up to 7% were re- 
corded. Disarticulating the pes hippocampus 
from the uncus and amydala can be problematic, 
requiring arbitrary judgements by observers 
which may account for some of these dis- 
crepancies. However, discrepancies of less than 
2% were recorded for both inter- and intra- 
observer measurements of the ratio of 
smallest:largest hippocampal "volume. So al- 
though various observers choose different land- 
marks and margins to guide their tracing, it seems 
that they do so consistently. 
The differences in reliabilities reported in 
absolute volume measurements between centres 
may be explained by a number of factors, 
including differing levels of operator experience 
and different computer software. However it is 
important to note that in both of these studies the 
authors' favoured expressions of measurement 
have similar inter and intra-observer reliabilities. 
Each of these expressions of measurement has 
its advantages and disadvantages in research and 
clinical settings. The technique of Jack et al 
provides quantitative preoperative bilateral hip- 
pocampal volumes that can adjusted for intrac- 
ranial and/or anterior temporal lobe volume. This 
allows the adjusted volumes of the right and left 
hippocampi to be compared directly across 
subjects 3t. Some authors have suggested that 
volume comparisons between multiple structurals 
may prove useful in predicting surgical outcome. 
Lencz et a135 note anecdotally that the two 
patients who had a less than 80% reduction in 
seizure frequency following surgery, in their 
series of 25 cases, had temporal lobe ratios that 
were greatly discordant from their hippocampal 
ratios. For these patients the hippocampus was 
smaller on the operated side whilst the temporal 
lobe was smaller on the unresected side. Clearly 
more research is needed in this area to establish 
the clinical advantages of comparisons between 
multiple structures. However the process of 
measuring the hippocampi, anterior temporal 
lobes and total intracranial volumes is very time 
consuming. The ratio expression of Cook et a134 
has advantages in this respect in that the 
hippocampal volumes only take about 40 minutes 
108 S.A. Baxendale 
of operator time to compute. The authors have 
shown that the expression of the ratio of smallest 
to largest is effective in distinguishing patients 
with seizures lateralized to the temporal obes, 
from normal controls and patients with ex- 
tratemporal lobe epileptogenic lesions. In addi- 
tion, the morphology of volume loss may be 
clinically relevant since postoperative prognosis 
in terms of seizure reduction has been related to 
the posterior extent of epileptogenic lesion 37. 
However, ratio measurements may mask bilateral 
hippocampal volume loss. The expression of 
measurement of Cascino et a136 allows both the 
magnitude and laterality of volume loss to be 
expressed in a single figure. This gives greater 
freedom in the choice and the application of 
statistical analyses in research designs. 
Pathological studies of hippocampal cell loss in 
the surgical specimens of patients who have 
undergone temporal lobectomies have firmly 
established the relationship between in vivo MRI 
hippocampal volume measures and altered signal 
characteristics, and neuronal loss and 
gliosis 35"36'3~-4°. In addition to these strong patho- 
logical correlations, lateralized atrophy identified 
by MR images and volume measurements have 
also been associated with clinical and electroen- 
cephalogram (EEG) seizure lateralization in 
patients with temporal obe epilepsy 33"36"4°'41. It
has been suggested that frequent seizures at 
extratemporal sites may also cause hippocampal 
cell loss. If that is the case, hippocampal volume 
asymmetry due to secondary hippocampal 
changes would limit the value of MRI in 
distinguishing between temporal and extratemp- 
oral foci. Cook et al (1992) 34 compared the 
hippocampal volume ratios and morphology of 20 
patients with a known seizure focus in the 
temporal obes with both normal controls and a 
group of 20 patients with frontal obe seizures. All 
of the temporal lobe patients had asymmetric 
volume loss corresponding to side of clinical and 
seizure lateralization, with a ratio of smallest o 
largest of between 59% and 95%. The frontal 
lobe cases and the normal controls did not show 
significant asymmetrical volume loss. Watson and 
Williamson (1994) 42 carried out a similar study 
with a wide range of patient controls including 
patients with seizures originating from the fron- 
tal, parietal and occipital obes and from a variety 
of lesions; MRI identified abnormalities included 
tumours, developmental bnormalities, atrophic 
lesions, vascular malformations, cystic, traumatic, 
gliotic and ischemic lesions. Hippocampal and 
amydaloid volumes were within the normal range 
in all patients, compared with the normal control 
group. One patient showed a mild hippocampal 
asymmetry but this was felt to be the secondary 
effect of a large structural lesion. The results from 
these two studies suggest that MRI based 
measures of hippocampal volume asymmetry can 
be used as a specific marker for mesial temporal 
sclerosis. 
Most of the studies reviewed so far have used 
patients acquired prospectively who have had 
clear localization and lateralization on clinical 
and EEG information. However, bitemporal 
extracranial EEG abnormalities are identified in 
20-35% of patients with temporal lobe seizures 43. 
Depth studies have revealed that around 80% of 
these patients will have seizures lateralized to one 
temporal lobe and so may be viable surgical 
candidates. Given the strong lateralizing power of 
MRI measurements in 'clear cut' cases, it is 
possible that MRI assessments of hippocampal 
pathology may obviate the need for depth EEG 
studies in some patients. Casino et al (1992) 44 
assessed the sensitivity of hippocampa! formation 
volumes in patients with extracranially recorded 
bitemporal epileptiform abnormalities who re- 
quired chronic intracranial monitoring prior to 
surgery. The MRI data showed lateralized hip- 
pocampal abnormalities in 50% of patients (four 
via volumetric differences and one through an 
increased T2 signal). The hippocampal volume 
measurements did not provide falsely lateralizing 
data in any of the cases. 
Quantitative MRI data has also been shown to 
be of prognostic significance in terms of post- 
operative seizure control. Jack et al (1992) 45 
found that the larger the volume of the resected 
hippocampus, the higher the chance of an 
unsatisfactory outcome in a series of 50 patients 
followed up 12 months post surgically. However 
there were exceptions to this general trend. Five 
patients with no significant hippocampal volume 
asymmetry had a satisfactory postoperative out- 
come and one patient became seizure-free despite 
the presence of a significantly smaller hippocam- 
pus contralaterai to the operated side. Whilst the 
present enthusiasm for MRI volumetric tech- 
niques in localizing and lateralizing seizure foci is 
clearly justified, these findings highlight the fact 
that they fulfil their maximum potential when 
they are used in conjunction with existing 
localizing tools. 
To sum up, MR images have been shown to be 
sensitive and specific in identifying the foreign 
tissue and mass lesions often associated with 
medically refractory partial epilepsy. In addition, 
contiguous MR images fully display the natural 
boundaries of the anterior temporal lobe, 
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providing an unrivalled opportunity to isolate and 
accurately measure the volume of a discrete 
strictures in vivo. Different echniques for measu- 
ring and expressing these volumes have been 
developed by different centres. All have been 
shown to be reliable and accurate. MRI-identified 
volume loss in the hippocampus i related to 
mesial temporal sclerosis on histological ex- 
amination of the resected specimen. MRI de- 
tected hippocampal volume loss appears to be 
specific to seizure disorders of temporal obe 
origin and is not a secondary effect of epilep- 
togenic lesions outside the temporal lobe. These 
measurements are therefore ffective in providing 
lateralizing and localizing data in presurgical 
patients, and may obviate the need for depth 
electrode studies in some patients. Hippocampal 
volumes also have a prognostic value in terms of 
the prediction of outcome in terms of seizure 
control following anterior temporal obectomy, 
but their real value lies in their role as an 
adjunctive seizure lateralizing tool. 
HISTOLOGICAL ANALYSIS OF THE 
HIPPOCAMPUS 
'... mesial temporal sclerosis is diagnosed from a 
surgical specimen when 50% or greater neuronal loss 
is observed in the hippocampus.., at least 4 of the 5 
regions of ammons horn must be available for the 
pathologist to evaluate. This neuronal loss is usually 
most prominent in the cal, ca3 and ca4 regions of the 
hippocampus, the subiculum-prosubiculum and fas- 
cia dentata.' 
(Babb and Brown, 1987) 3~. See Fig. 1. 
The pathogenesis of hippocampal sclerosis is 
still relatively poorly understood 27 but in many 
cases a temporal obectomy results in seizure 
I i 1  
3,:c-. ' ;  I / '  ~ "  . , ' ,  , 
----f/ ,--., . , , /  
/i .,'7" 
Fig. 1: Schematic of the hippocampus with the neuronal 
subfields CA1 toCA3, hilar and area dentata marked. 
cessation or a marked reduction in seizure 
frequency 37"46-48. Indeed, the presence of 
hippocampal sclerosis compared with 
histologically negative specimens and other 
pathologies has been positively related to good 
seizure outcome in a number of studies 37"49. 
Until recently, the most common method for 
quantifying mesial temporal lobe histopathology 
has been to use the cell counting techniques 
developed by Mathieson (1975) 5°. This involves 
the staining of resected tissue to highlight 
neuronal presence. The number of neurones 
present in a given area is then counted and 
estimates of the extent of neuronal loss are 
computed. As with the MRI based volume 
measures, a number of variations of this metho- 
dology have been developed. Centres differ in 
their choice of the width and position 
(anterior/posterior) f hippocampal section, the 
size, shape and number of areas they count, the 
subfields they examine and their expressions of 
measurement. 
Sass et al (1990) ~7 examined a 2mm-thick 
coronal section from the mid-section of the 
resected hippocampus. This was stained with 
mematoxylin and eosin. Five separate areas were 
counted in the CA1, CA2, and CA3 pyramidal 
subfields and the hilar area and the granular layer 
of the area dentata by two observers blind to the 
clinical history of the specimen. The measure- 
ments for each subfield were then averaged. The 
neuronal densities were expressed as measures of 
volume (mean cell count/mm 3) for each subfield. 
O'Rourke et al (1993) 5~ used a similar staining 
technique but used 5 mm thick slices taken from 
the most anterior and posterior portions of the 
resected specimen. Two clinically blind observers 
counted the number of cells in four areas, three 
times. The authors report wide variations in 
inter-rater reliabilities ranging from 0.54 to 0.9. 
These inter-observer reliabilities differed in the 
measurement of different subfields, but in general 
there was higher concordance in the counts made 
from the anterior slices. In 23 patients with 
temporal lobe epilepsy and no tumour, the 
neuronal densities ranged from 48-57% of those 
observed in their normal controls, eight subjects 
who had died of non-neurological causes. A 
smaller decrease in neuronal densities relative to 
controls was seen in five patients with hippocam- 
pal tumours (range 60-95%) with the largest 
proportional decrease in cell densities occurring 
in the dentate granule cell layer. 
Rausch and Babb 52"53 also examined the 
sections from the anterior and posterior planes of 
the resected hippocampus. Cell counts were 
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computed in each of the subfields where possible. 
Intercorrelations between the hippocampal sub- 
field measures revealed that the pyramidal cell 
loss of CA1 was the best predictor of overall 
neuronal loss. In their series of 16 patients they 
found neuronal oss of between 21 and 98.5% 
compared with the autopsy data from four 
non-neurological controls. 
Other studies have used histological nalysis of 
resected tissue to provide qualitative data. Wyler 
et al (1992) 28 proposed a grading system that 
begins with normal histology and ends with 
severe hippocampal sclerosis based on the rela- 
tive degree of neuronal cell loss and gliosis 
present in the surgical specimen (see Table 1). 
The authors report an interobserver reliability of 
85% between three graders. No discrepancies 
greater than one grade level were found amongst 
the pathologists. The grading system also prov- 
ides an estimate of how far back the hippocampai 
resection has extended anatomically. This is 
accomplished by stating whether the CA1 
through CA4 subfields are in continuity. These 
hippocampal cell fields are not in continuity until 
the posterior pes is reached, which is about the 
level of the middle of the cerebral peduncle. A 
measure of the posterior limits of a resection is 
helpful if deciding whether a further operation 
should be considered when the primary resection 
failed to provide a seizure-free outcome. 
Again, each of these methodologies has its 
Table 1: Grading system for hippocampal sclerosis. The 
percentage figures in parenthesis represent he occurrence 
of each diagnosis in a series of 44 consecutive pathological 
specimens. Hippocampal sclerosis was identified in 75% of 
the cases. Adapted from Wyler et a1(1992) 28 
Diagnosis Clinical Features 
Grade I 
Mild (18%) 
Gliosis with slight, (<10%) or no 
neuronal loss in the CA1, CA3 and/or 
CA4 pyramidal cell layer. 
Grade II 
Moderate (16%) 
Gliosis with moderate, 10-50% neuronal 
loss in the CA1, CA3 and/or CA4 
pyramidal cell layer. If the involvement 
is limited to the CA3 and CA4 
subfields the lesion can be designated 
'end folium sclerosis'. 
Grade Ill Severe damage, >50% neuronal loss 
Moderate to marked involving sectors CA1, CA3 and CA4 
(32%) but sparing in the CA2 subfield. 
Grade IV 
Marked (9%) 
Severe damage involving all sectors of 
the hippocampal pyramidal cell layer. 
The fascia dentata, subiculum, and 
parahippocampal gyrus may also be 
involved. 
advantages and disadvantages. One problem 
common to all histological studies, be they for 
clinical or research purposes is the availability of 
specimens. Specimens are frequently unavailable 
or too damaged to examine as a result of the 
surgical procedure itself. Other reasons for the 
exclusion of cases cited in the literature include a 
dysfunctional hospital internal post, in the failure 
of a Pathology Department to receive a specimen 
sent by the surgeons2'! Even when a specimen 
reaches the pathology laboratory relatively intact, 
it is often not possible to examine all the 
subfields. For this reason sample sizes in research 
studies tend to be small. 
Neuronal cell counts for each subfield of the 
hippocampus provide a detailed quantitative 
analysis of hippocampal structure which lends 
itself well to research designs and high level 
statistical analysis. However, this technique is 
very time consuming. A compromise is to use the 
counts from just one subfield which has been 
shown to correlate highly with the others. 
However, although these methods yield high 
level, interval class data, there is some doubt 
about the reliability of the figures. Considerable 
variation in interobserver reliabilities have been 
reported. Measurements taken from anterior 
slices may be more robust than those from 
posterior sections, but the figures obtained may 
seriously misrepresent pathology in the posterior 
parts of the hippocampus since atrophy is not 
uniform along the length of the hippocampus in
the majority of cases  34. More reliable, qualitative 
grading systems may provide more clinically 
meaningful data in terms of describing the extent 
of hippocampal sclerosis, but they are still subject 
to the same criticism that any measure taken from 
one or two slices may belie the true extent of the 
pathology in cases where volume loss is uneven 
along the length of the hippocampus. 
Despite the limitations, studies that have used 
these methods have firmly established the re- 
lationship between in vivo hippocampai volume 
measures and histologically verified neuronal loss 
and gliosis 3s-4°. Cascino et al (1991) 36 studied 15 
patients with confirmed mesiai temporal sclerosis. 
The pathological changes were maximum in 
specific subfields for some patients but the 
majority showed uniform loss throughout CA1 to 
CA4 sectors. Fourteen of these 15 patients had 
concordant MRI volume asymmetry, in the 15th 
patient the MRI hippocampal volumes were 
indeterminate. Moreover, the MRI volumes were 
correlated with the extent of the pathology; the 
more atrophic hippocampi showed the more 
severe histopathological change. However, no 
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pathological bnormalities were detected in nine 
postoperative patients. The authors uggest hat 
this highlights the insensitivity of standard me- 
asurements. Cell loss may have been present or 
prominent in the non resected posterior parts of 
the hippocampus. 
To sum up, hippocampal or mesial temporal 
lobe sclerosis can be diagnosed from a surgical 
specimen when marked neuronal loss is present. 
Although the pathogenesis is poorly understood 
the presence of hippocampal sclerosis has been 
associated with a good surgical outcome. Quant- 
itative cell counting and qualitative grading 
methods have been developed to describe the 
extent of cell loss within the structure of the 
hippocampus. Given the uneven pattern of cell 
loss along the length of the hippocampus, 
measurements taken from one or two slices of the 
hippocampus may misrepresent the extent of 
neuronal loss. However, despite the limitations, 
studies that have used these methods have firmly 
established a relationship between in vivo hip- 
pocampal volume measures and histologically 
verified mesial temporal lobe sclerosis. 
FUNCTIONAL AND STRUCTURAL 
CORRELATIONS 
To date, the literature relating MRI measures of 
hippocampal integrity and histological nalyses of 
hippocampal specimens to neuropsychological 
functioning, is small. However, both of these 
measures of structural integrity have been studied 
in relation to a range of neuropsychological tests, 
including the sodium amytal test. In the final part 
of the discussion, the main findings from the 
neuropsychological MRI volume studies are 
presented followed by the findings from the 
studies that have correlated quantitative hip- 
pocampal histology with preoperative perfor- 
mance on neuropsychological tests. The correla- 
tions that have been reported between these 
structural measures of integrity and performance 
on the sodium amytal test are also reviewed. 
Press et al (1989) 54 were the first to report 
hippocampal abnormalities revealed by MRI in 
patients with amnesia. Saling et al (1993) ~9 
reported the familiar verbal memory deficits in 
patients with left hippocampal sclerosis identified 
on the basis of both MRI asymmetries and 
pathological data. However, as outlined earlier, 
in addition to the identification of hippocampal 
sclerosis, the developments in MRI volumetrics 
allow for the comparison of quantifiable para- 
meters of hippocampal structure and memory test 
performance in presurgical patients. Barr et al 
(1990) 55 were the first to report that reduced 
hippocampal volumes on the side of epileptogenic 
focus were associated with a poor performance on 
material specific tasks of memory. Using hip- 
pocampal volumes adjusted for total intracranial 
size, Lencz et al (1992) 35 found significant 
correlations between MRI measurements of the 
left hippocampus and scores on the Wechsler 
Logical Memory Test percent retention score, a 
measure of verbal memory. They also reported a
significant relationship between performance on a 
verbal learning and recall task and MRI volume 
measurements of the left temporal lobe. 
Volumetric MRI measurements have been 
shown to be of prognostic significance in post- 
operative seizure controP 5. Trenerry et al (1993) 5~ 
examined the prognostic significance of pre- 
operative quantitative volumetric data on post- 
operative memory performance and change. 
Resection of a relatively non atrophic left 
hippocampus was associated with poorer visual 
and verbal memory outcome. In right temporal 
iobectomy patients, a larger right hippocampal 
volume was associated with a postoperative 
decline in visual spatial earning, but not memory 
following surgery. They concluded that hip- 
pocampal volume data appears to provide mean- 
ingful information in evaluating the risk for 
memory impairment following temporal 
lobectomy. 
Baxendale et al (1994) -~7 presented the first 
study to look at the relationship between the 
morphology of hippocampal sclerosis identified 
by bilateral MRI hippocampal volumetric measu- 
rements and neuropsychological indices of in- 
tellectual, language and memory function. Thirty- 
two patients with temporal obe epilepsy and 
hippocampal sclerosis identified by MRI asym- 
metries consistent with the clinical and EEG 
seizure lateralization, underwent a neuropsychol- 
ogical assessment which included measures of 
general intellectual functioning and language 
ability as well as tests involving the learning, 
recall and recognition of verbal and non-verbal 
material. Laterality effects were observed on two 
of the memory tasks. Patients with right hip- 
pocampai volume loss made more intrusion 
errors on a list learning task, and had poorer 
percentage r tained scores on a story recall task 
than those with left hippocampal volume loss. 
The patients with anterior volume loss in the right 
hippocampus were significantly more impaired 
than those with diffuse volume loss on a design 
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learning task. Patients with diffuse loss in the left 
hippocampus were significantly more impaired 
than patients with atrophy limited to the anterior 
portion of the hippocampal formation on the 
Graded Naming Test. 
Using a dichotomous cale based on the 
presence or absence of hippocampal sclerosis on 
histological examination, Miller et al (1993) 2" 
reported an impaired ability to learn verbal 
associations in patients with both left and right 
hippocampal sclerosis. However, only the pati- 
ents with left hippocampal sclerosis were im- 
paired in delayed recall tasks involving verbal 
material (the paired associate learning task from 
the Wechsler Memory Scale-Revised). Similar 
preoperative verbal memory deficits on the 
Verbal Selective Reminding Test have been 
associated with quantitative measures of reduced 
hippocampal cell densities in the CA1, CA3 and 
hilar regions of the surgical specimens of patients 
undergoing left temporal lobectomies ~7. In a 
further study with a larger sample (n = 59) the 
authors demonstrated that the neuronal oss in 
these subfields was specifically related to a decline 
in verbal memory skills and not due to a general 
reduction in language or verbal intellectual 
abilities TM. This finding has recently been repli- 
cated again by the Yale team 5s. These verbal 
memory deficits were not associated with cell loss 
in the specimens of patients who had undergone a 
right temporal lobectomy. Similarly no significant 
associations have been reported in studies look- 
ing at the relationship between right hippocampal 
neuron loss and performance on tests of non- 
verbal memory 5~. 
Rausch and Babb (1993) 53 found that the 
degree of hippocampal cell loss in the CAI 
subfield was selectively related to the learning of 
unrelated pair words both preoperatively and 
postoperatively in patients with left but not right 
temporal lobe seizures. Patients with severe 
neuronal loss had poorer scores than those with 
mild-moderate n uron loss, both before and after 
surgery. Performance on a story recall task 
declined postoperatively but this was not related 
to the measures of neuronal loss. These findings 
provide support for the role of the left hippocam- 
pus in rote memory but not in memoi-y tasks that 
are semantically more complex. Unlike Trenerry 
et al (1993) 56 and Baxendate t al (1994) ~J who 
both found that the resection of a relatively intact 
left hippocampus was associated with a poor 
neuropsychological outcome, this study found 
that the removal of a very damaged hippocampus 
was associated with a risk for lower memory 
functioning postoperatively. 
STRUCTURAL CORRELATES OF THE 
SODIUM AMYTAL TEST 
The sodium amytal test, first introduced by Wada 
in 194961 , is used in many epilepsy surgery 
programmes a part of the standard preoperative 
evaluation for temporal lobectomy. Milner et a! 
(1962) 6z first introduced the use of the test as a 
method for screening for patients who may be at 
risk for developing significant memory deficits 
should they undergo a temporal lobectomy. As 
with MRI volume measurements and histological 
analysis, clinical protocols vary across centres, but 
the procedure typically involves the injection of 
approximately 100mg of sodium amytal into a 
single carotid artery, via a catheter in the femoral 
artery. This functionally inactivates the hemi- 
sphere for approximately 10 minutes and so with 
the mesial temporal lobe structures temporarily 
anaesthetized the resulting functional changes 
mimic the potential effects of the operation albeit 
in a fairly crude way. During this time the patient 
is presented with a number of items to remember. 
Memory is tested in both recall and recognition 
formats. When the side ipsilateral to the seizure 
focus is injected, normal memory functioning is 
expected. When the hemisphere contralateral to
the side of the suspected seizure focus is injected, 
the memory capacities of the patient are typically 
impaired due to the disruptive effects of the 
seizure focus and the contralateral hemisphere 
anaesthesia. To the extent that this pattern is 
reliable across patients, asymmetric memory 
performances onthe sodium amytal test provide a 
measure of lateralized temporal lobe 
dysfunction ~'3. 
As already reviewed, a number of studies have 
reported significant relationships between str- 
uctural measures of hippocampal integrity and 
functional measures using traditional neuropsy- 
chological tests of memory functioning. This has 
led some of these authors, notably Trenerry et al 
(1993) 56 to ask whether the sodium amytal test 
will be eventually superseded by these new 
technologies. 
Three studies to date have compared the 
lateralizing power of the sodium amytal test and 
MRI volume measurements. Loring et al (1993) 2j 
examined the relationship of the sodium amytal 
test memory performance and MRI hippocampal 
volume measurements to the laterality of ultimate 
seizure localization in 20 patients with no 
structural lesions identified on MRI scan, who 
later underwent emporal obectomy. Memory 
asymmetries on the sodium amytal test correctly 
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classified 90% of the patients. Similarly hip- 
pocampal volume asymmetries correctly classified 
90% of the patients. When the two sources of 
data were combined using a discriminant function 
analysis, all of the patients were correctly 
classified as having a left or right temporal lobe 
focus. In addition there were high correlations 
between memory performances under amytal 
conditions and hippocampal volumes asym- 
metries, indicating that the structural evidence of 
reduced hippocampal volume has a functional 
correlate reflected by Wada memory perfor- 
mance. These results do not support he notion of 
Trennery et al that MRI data may make the 
sodium amytal test redundant. Rather the results 
suggest hat the combination of functional and 
structural measures increase the localizing power 
of both and thus their value in the preoperative 
evaluation for epilepsy surgery. 
In a similar study, Baxendale et al (1994) "" 
failed to find any correlation between amytal 
memory performances and hippocampai volume 
asymmetries in their sample of 45 presurgical 
patients with asymmetrical hippocampal volumes. 
However, using a discriminant analysis pro- 
cedure Wada memory asymmetries were able to 
classify correctly 83.3% of the patients whilst 
hippocampal volume asymmetries correctly clas- 
sified 92.8% of the sample. When the functional 
and structural measures were combined, all but one 
of the patients were correctly classified (97.6%). 
These figures are remarkably similar to those 
obtained by Loring et al 2t despite differing sodium 
amytal test protocols and MRI volumetric 
procedures. Twenty-eight of the patients had been 
followed up with a neuropsychological assessment 
1 year after surgery. In the patients who had 
undergone a right temporal lobectomy, (n = 15), 
the memory scores following the injection 
ipsilateral to the seizure focus were positively 
correlated with verbal recognition memory 
postoperatively and a postoperative improvement 
in performance on a story recall task. In patients 
who had a left temporal lobectomy (n = 13) the 
resection of a relatively non-atrophic left hippo- 
campus (represented by a high ratio between 
the left and right hippocampal volumes) was 
associated with a postoperative d cline in verbal 
memory assessed by a story recall task. The findings 
of this study support he conclusion of Loring et al 
that MRI hippocampal volumes and memory 
asymmetries on the sodium amytal test provide 
useful ateralizing data in patients with temporal 
lobe epilepsy especially when they 
are used in conjunction. In addition, both the 
functional and structural measures were found 
to be related to some aspects of memory 
performance postoperatively. 
Jones-Gotman et al (1993) 64 also report a 
significant relationship between MRI hippocam- 
pal volumes and memory performance on the 
sodium amytal test. In their sample of 40 patients 
with hippocampai atrophy identified by MRI 
volume measures, recognition memory was poor- 
est after the injection into the hemisphere 
contralateral to that of the hippocampus with the 
greatest volume loss, even in cases where bilateral 
hippocampal damage was suspected. However, 
the memory performances of patients with left 
hippocampal volume loss were worse than those 
with right. In this latter group of patients, 
memory performance following the injection into 
the ipsilateral hemisphere was also decreased 
when volume of the left hippocampus was small. 
The authors conclude that whilst these structural 
and functional measures of hippocampal integrity 
are related, the functional impact of hippocampal 
abnormality varies with hemisphere dominance. 
Evidence for the structural and functional 
correlates of hippocampal integrity also come 
from studies that have compared preoperative 
memory performance on the sodium amytal test 
with histologically verified neuronal loss. Rausch 
et a! (1989) 5-" report that a severely damaged 
hippocampus i  unable to support memory when 
sodium amytal is injected into the contralateral 
hemisphere. Five of their six patients with 80% or 
more neuronal loss in the hippocampal subfields 
failed the memory component of the sodium 
amytal test following injection contralateral to 
seizure focus. However, marked cell loss that was 
limited to either the anterior or posterior plane of 
hippocampus was not sufficient to predict a 
memory failure. Consistent failures were ob- 
served only in those patients with marked amage 
extending throughout the hippocampus. 
Other studies have also found histological 
correlates of memory performance on the sodium 
amytal test. Sass et al (1991) ~~ found a significant 
correlation between the raw memory scores 
obtained following the injection contralateral to 
the seizure focus and cell loss in the CA3 subfield. 
However other studies have failed to replicate 
this finding. O'Rourke (1993) ~ found that the 
degree of unilateral memory impairment ipsilate- 
ral to the seizure focus was significantly corre- 
lated with decreased neuronal densities in the 
hilar and dentate granule regions but not in the 
CA1, CA2 and CA3 regions. As expected, the 
memory performance of the contralateral hemi- 
sphere was not significantly correlated with 
ipsilateral neuronal densities. 
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HIPPOCAMPAL FUNCTION 
Taken together, the results from these studies 
support he contention that the medial temporal 
lobe system is 'fast, has a limited capacity, and 
performs acrucial function at the time of learning 
in establishing long term declarative memory' 
Squire and Zola Morgan (1991) ~. The initial 
findings from the studies of quantitative histology 
provide some striking evidence for this functional 
role in the mediation of verbal material by the left 
hippocampus. Impaired verbal learning skills, 
identified by list learning tasks and paired 
associate word learning tasks have been consis- 
tently correlated with neuronal cell loss in the 
CA1 and to a lesser extent CA3 and hilar 
subfields. These effects are specific to verbal 
memory rather than language or verbal intellec- 
tual skills. However, studies that have relied on 
pathological specimens for the identification of 
hippocampal sclerosis have failed to find any 
significant associations between the extent of the 
pathology in the right hippocampus and neurop- 
sychological test performance 53"5~. Only one study 
has found a significant relationship between MRI 
volume measures of the right hippocampus and 
neuropsychological indices on a task with a heavy 
non-verbal learning component 57. 
Saling et al (1993) TM highlight he importance of 
task specific demands in assessing memory 
functions in patients with damage to mesial 
temporal structures. They found that a verbal 
learning, but not recall task, differentiated pati- 
ents with right and left hippocampal volume loss 
identified by both MRI scanning and postopera- 
tive neuropathology. In their analysis of the 
structural nature of the story recall task they 
suggest that its enactment is likely to be 
controlled by widely distributed neural systems 
including those mediated by the right hemi- 
sphere. This may well contribute to the absence 
of iaterality effects. Neither Rausch and Babb 
(1993) s-~ or Sass et al (1992) 5~ employed a task 
with a specific loading on non-verbal learning as 
opposed to recall. Trenerry et al (1993) 56 did use a 
measure of non-verbal learning (Visual Spatial 
Learning Test) and found that performance on 
this test declined after the resection of a relatively 
non-atrophic right hippocampus. Heimstaader t
al (1991) 67 reported that patients with right 
temporal obe epilepsy showed significantly re- 
duced learning capacity on a visual construction 
task, and made more visuoconstruction errors 
compared with controls and patients with a left 
temporal lobe focus. Support for the important 
role of the right hippocampus in non verbal 
learning has also been presented by Jones 
Gotman (1993) 64. Taken together, the results 
from these studies suggest hat the right hip- 
pocampus has a role in the learning and 
consolidation of visuospatial material. 
On first inspection, the results from the MRI 
volume studies may appear disappointing. Only 
one of the four studies found a significant 
correlation between the level of functioning on a 
neuropsychological measure (story recall) and 
left hippocampal volume 3-~. Again, the lack of 
specificity in task demands may account for the 
absence of significant findings. However, these 
studies have shown that structural MRI measures 
are related to indices of neuropsychological 
function in a variety of other ways. Both Trenerry 
et al (1993) 56 and Baxendale t al (1994) 6o found 
that the resection of a relatively non-atrophic left 
hippocampus was associated with decline in 
verbal memory skills postoperatively. The former 
study also found that the resection of a large right 
hippocampus was associated with a decline in 
visual learning but not memory skills. Clearly, 
research along these lines can serve an extremely 
important clinical service, since often one of the 
first questions patients ask when presented with 
the option of .surgery, after 'Will my seizures 
stop?' is 'What will happen to my memory?' 
Other factors, in addition to task specific 
demands may account for the discrepant findings 
reported in the literature. Although a number of 
studies have reported significant correlations 
between MRI volumes and cell counting in 
pathological specimens, MRI technology does not 
allow for quantitative assessment of individual 
subfields. Lencz et al (1993) 35 suggest that 
discrepant findings from studies employing the 
two methodologies may reflect their relative 
strengths: cell counting techniques allow for 
greater sensitivity and specificity within the 
hippocampus, whilst MRI volumetrics allow the 
quantitative comparison of bilateral brain struc- 
tures. It is not yet known how the morphology of 
hippocampal sclerosis relates to cell counting 
techniques and more research is needed in this 
area to enable the informed comparison of results 
from studies using each of these methodologies. 
However, the results of Baxendale t al (1994) 57 
and those of Rausch and Babb (1993) 53 suggest 
that morphological considerations may be impor- 
tant in determining both the nature and extent of 
a neuropsychological deficit in patients with 
hippocampal sclerosis. 
To sum up, the combination of preoperative 
MRI hippocampal volumes and postoperative 
quantitative hippocampal histology gives us a 
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unique opportunity examine the structural integ- 
rity of the hippocampus. Evidence from the early 
studies suggest that both measures of structural 
integrity (MRI and histological) have strong 
functional correlates in memory performances on 
the sodium amytal test. However, the Wada test 
only provides a very crude assessment of memory 
functioning. The studies that have looked for 
more discrete functional correlates have met with 
varying levels of success. Some have found 
support for the essential role of the left hip- 
pocampus in verbal memory, whilst others have 
highlighted the role of the right hippocampus in 
the acquisition of visual material, providing some 
support for the model of dissociated neuroanato- 
mic substrates for verbal and visual memory. 
However, the equivocal findings from other 
studies have presented two substantial challenges 
to the field of neuropsychology. First, as the 
structural measures of integrity continue to reveal 
distinct pathologies within the hippocampus, our 
research designs must expand to incorporate this 
data. It is no longer enough to divide patients 
simply by laterality of lesion. The heterogeneity 
of the groups within these two bands may well 
have contributed to some of the equivocal 
findings reported in the early literature. The 
second challenge pertains to our research tools. 
Our functional measures must keep pace with the 
increasingly detailed and precise measures of 
structural integrity. The onus is now firmly on the 
neuropsychologists to fine tune our tests and, 
where necessary, develop more reliable and 
specific measures of hippocampal function. 
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